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ABSTmCT 


In the present investigation the effects of 
nozzle diameter j atomizing angle, temperature, and material 
on the atomization behaviour of molten metals and alloys 
have been studied. Atomization of these materials vas 
carried out using nozzles of three different diameters 
(0.236 cm, 0.183 cm, and 0.1295 cm), and three different 
atomizers (l5°? 25*^} and 35°) at dj.fferent temperatures. 
Powders were then subjected to sieve analysis. It has been 
found that the size distribution cf powders follows a log- 
normal distribution pattern. 


Models of Brac'd e;/ and Lubanska were tested on 
experimental data and it v;as found that none of these fitted 
with the data in their proposed form. Modifications in 
these models have been proposed and it has been found that 
the following correlation fits in well with the experimen- 
tal data. 
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_m 
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= K. 


D 


I'i 

(1 + pp) 


"1 




We 


m, 


'0 


In this correlation K-^ is found to be a function of nozzle 
diameter ^rhereas mg depends on atomizing angle. The 
effects of nozzle diameter, atomizing angle, and tempera- 
ture have been quantitatively analysed using the above 
correlation. 



CHAPTER 1 


II'ITRODUGTIOR 

Atomization is a process in which a liquid stream 
is disintegrated into a large numher of droplets of various 
sizes hy impingement of a high velocity fluid stream. It 
is an interesting and important process which finds wide 
applications in such diverse fields as fuel injection in 
I.C. Engines, liquid spray drying, liohiid dispersion in 
numerous liquid gas contact operations such as distillation, 
humidification, and spray crystallization etc,. Comparatively 
recently there has been an interest in the atomization of 
molten metals in connection with the production of metal 
powders. The essential difference between metal atomization 
and the atomization of other liquids is that in the former 
the end product always consists of solid particles. The 
disintegration of a stream of molten metal is carried out by 
using a high pressure jet fluid like air, nitrogen, argon, 
steam or water. The fine droplets on freezing constitute 
the metal powder. 

In processes involving atomization the charac- 
teristics of the sprays such as average drop size, drop 
size distribution and spatial distribution of spray drop- 
lets of atomized liquids are of importance for reasons 
related to control and production efficiency in various 
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fields. These characteristics, in turn, depend on large 
number of parameters, such as physical properties of the 
liquid to be atomized and the atomizing media, operating 
variables like temperature of the liquid, liquid feed rate, 
pressure and feed rate of atomizing media, flight path of 
the droplets and quenching media (in case of production of 
metal powders), and design parameters e«g. nozzle design, 
and diameter and design of the atomizer which in turn deter- 
mines the jet geometry. All these parameters and variables 
do individually affect the process. For an effective and 
meaningful control of the process it is essential that the 
effect of each of these parameters and variables on the 
process be quantitatively known. Large number of parameters 
and variables involved in the process makes the experimental 
approach of predicting the effects of these variables under 
various operating conditions, varying designs of atomizers 
and for different systems unfeasible for application because 
of the very large number of experiments required for such 
predictions. A better approach is the approach of mathema- 
tical modelling and simulation in which the effect of these 
parameters and variables are quantified without performing 
too many experiments. 

Although number of studies on mathematical 
modelling of q.tomization of fluids and oils are available 
in literature, not much is known on the subject of molten 



metals. Amongst the investigators who have dealt with the 

subject of mathematical modelling of molten metals, the 

1 - 2 1 1 

names of Bradley , Lubansha and. others ’ ’ can be men- 
tioned. Their models are, however, preliminary in nature 
and lack generality. 

'The present investigation constitutes a part of a 
major problem, namely, the development of generalized model 
of atomization of molten streams which is to be taken up 
shortly. In this study the effect of some of the important 
operating variables, viz. nozzle diameter, atomizing angle, 
temperature on the atomization behaviour has been studied 
experimentally. The data thus obtained has been analyzed 
quantitativelj^ with the help of some of the alread3^ existing 
models and thus, examining the validity of the models for 
the given set of operating conditions. VJlierevcr possible 
modifications in the models have been proposed for better 
prediction of re silts. 
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CHAPTER 2 

LITERATURE REVIEW 

In literature, the effects of operating Tariables 
on atomization of liquid streams have been disciissed both 
qualitatively as well as quantitatively. A thorough review 
of the literature on the qualitative discussion of these 
effects has been presented by IChedar in his Master's 
dissertation^. To avoid repetition, in this chapter, we 
have only tried to review the literature on quantitative 
aspects of atomization studies. As it has been pointed out 
in the previous chapter also the present investigation 
constitutes only a part of the ultimate objective, namely, 
the development of a generalized mathematical model for 
atomization of molten metals under varjang operating condi- 
tions. Only with this ultimate objective in mind the lite- 
rature has been reviewed and presented in this chapter. 

For convenience the quantitative models that could 
be reviewed have been grouped in three categories s 

i) emperical-semiemperical models, 
ii) mathematical models based on analytical approach, 
and iii) statistical models. 

Under first category of models come those in wiiich various 
correlations have been established using dimensionless 
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numbers or variables® The values of various constants 
involved in these correlations have been obtained emperically 
using mostly curve fitting methods. The main drawback of 
these models is that they are applicable only for those sets 
of operating conditions for which the correlations have been 
established. 

In the case of analytical models the model equa- 
tions are derived from the first principles. Here the 
model equations are more rigorous and complex in nature and 
in some cases, may even be difficult to solve. However, 
they provide an insight to the actual physical phenomenon 
and shoiiLd be applicable to a much wider range of operating 
conditions, if the boundary conditions are properly chosen. 

As the heading suggests, the statistical models 
are based on statistical approach. However, not many models 
based on this approach are available in literature. This 
approach would be useful only if a very large set of data 
is available. 

The above classification is by no means very 
rigorous. Some overlapping is unavoidable and in some 
cases it is possible to classify a model in one group or 


the other. 
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2.1 SMPERICAL-SEMIEMPEEICAL MODELS 

N'ulvi37ama and Tanasawa proposed a correlation in 

late thirties relating Sauter mean drop diameter to the gas 

and liquid flow rates and liquid properties for two fluid 
atomization. 


d„ = ^ l-l 
Saute r V J 


r' 0®^~5 0-1 1 ^ 


( 2 . 1 ) 


'"Sauter Sauter mean diameter'’^', V is relative 


where 

velocity, i and are surface tension, density and 

Viscosity of liquid respectively, and and are the 
feed rate (volumetric) of liquid and air respectively. For 
inviscid liquids at flow rates of Qg/Q 3 _ >5000 the contri- 
bution from the second term is negligible and the relative 
velocity reaches sonic velocity for most nozzles at this 
ratio 01 Qg and Q^. Now is clearly related to the 

well known dimensionless Weber number, which represents the 

* Sauter mean diameter is defined by the relation^ 




_2 d n. 


%auter 


X 


X 


d X 


T , - 
- - d X 




/ 


_3 d n 


X 




d X 


d X 


° --0 
where X is drop diameter, X^ is minimum droplet diameter, 
Xj^ IS maximum droplet diameter, n^ is numerical fraction 
of droplets having diameters < X . 
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ratio of inertial forces to the interfacisi forces in stu- 
dies of liquid break-up phenomena. So the value of the 
predicted drop sizes approaches a constant which primarily 
depends on liquid density and surface tension. 

9 

Ohnesorge found a critical velocitj’ below 
which, according to him, the drop size reaches a constant 
value and unifonr size which is d.ependent on nozzle diameter. 
The critical velocity, V^, could be evaluated from the 
follov/ing emperical relationship 

h. P-i V3 

^ 2000 ( ) ( 2 . 2 ) 

.//* 3 _ f D ^ o " 1 ^ 

where D is nozzle diameter. Eg . (2.2), iiowever, does not 
seem to be valid for two fluid atomization (where liquid 
stream is hit up by high velocity fluid), where the mean 
drop size is not constant even at lov/ velocities. 

A completely emperical model for predicting mean 

size of drops for one fluid atomization is given by 

10 

Merrington and Eichardson , in wlich, the- break up of the 
jet is assumed to be completely controlled by viscous and 
inertial forces at speeds higher than the critical velocity 
Vq given by Eq. (2,2), At these speeds Schewitzer theory* 
is assumed to be valid, viz, atomization can not be 

10 

* Cited by Merrington and Richardson 



achieved without air friction, and to make air friction 
effective, turbulence within the jet is essential, ihe 
emperical relationship between the velocity and the droplet 
size as obtained by these authors”^^ is 


V d 


1/5 

1 


500 


( 2 . 3 ) 


^here d is mean size and is kinematic viscosity. This 
equation seems to suffer from two main drawbacks, firstly, 

It appears to be dimensionally unsound, and secondly, it 


does not take into account the surface tensional effects 

and, therefore, does not seem to be valid for the conditions 
beyond the experimental range. 


A correlation applicable for sxirl atoinization 
(atomization taking place in I.C. Engines) has been proposed 
by Clare and Radcliffc"^ 


0,25 

S.M.D. = 182^^^^ 

P 

■^fuel 


( 2 . 4 ) 


where S.M.D. is surface mean diameter, is fuel flow 

rate in Ib/hr and is fuel pressure in Ib/sq. in. . 

^fuel nearly proportional to the square of the 

atomizer dimensions, the diameter fof the droplet produced 
by swirl atomizers at constant pressure seems to be pro- 
portional to the square root of the orifice diameter. 
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Clcire and Eadcliffe measured tiie droplvet distribution for 
such an atomizer using wax simid.:' tion teclmique and found 
the following differential equation to be valid. 


d (N) rr rn N e“^^^d(d) (2.5) 

where h is number of drops, rn is a parameter and d is 
droplet diameter. Hie equation is valid for air/fuel ratio 
^0,1 and the viscosity values ranging from 20 to 4-0 cp , 
above which swirl atomizer can not be used for atomization 
at all. As the fuel pressure increases, the drop size 
decreases at constant air/fuel ratio possibly because the 
fuel velocity is sufficiently high to cause atomization. 
Both Eqs . (2,4-) and (2.5) are not applicable, in general, 
for common atomization processes where relative velocity 
is an important parameter. 


i i 

Depending on the results of Clare and Eadcliffe 

"1 

and using dimensional analysis, Wigg arrived at an 
equation 


200 X 10-^2^ 


o o ®5 0,1 

b 0 i T\/r 


I-h 


M. (1 + -p )''/^ d'^*^ 2°*^ 


d„ 


m 


0.3 


V. 


( 2 . 6 ) 


where V ^ is velocity of gas at impingement with the 

o 

stream, and M-, and M are mass flow rates of liquid and 
gas, respectively. This equation has been found to be 
applicable only for certain types of liquids, eg, wax. 
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2 

Lubanska modified the above eouation for fitting 
his experimental data obtained using spray ring atomizer 
with tin, iron, and low melting alloys and arrived at the 
following equation 



K, 


(1 + 


M 

FT 


1- 


1 


Jyg 


We 


1/2 


(2.7) 


where 'We' is dimensionless Weber number and 77 , in 

o 

fact a constant, is kinematic viscosity of’ gds. Experimental 
data of Tamura Thompson , and Clare seem to fit with 
Eq . (2.7) • The value of is chosen for particular con- 

ditions of spray ring and liquid stream and. in most cases 
vary between hO and 70 • 

1 5 

Weiss and Worsham made an experimental study of 
drop sizes obtained on injecting a liquid into a large hot 
air stream of sustained velocity and proposed the following 
correlation 


d ■>< 
m 


G. 


0.08 


1 


j^0.l6 j-A 0.3k ^ iK o ) 

1 


( 2 . 8 ) 


where G. is mass velocity of liquid and is density 

X ’go 

of air at 300°F. This equation does not take into account 
the effect of surface tension, ’'/iscosity of air, and 
density of liquid. VJhen these effects -^rere incorporated 
using dimensional analysis, the above Eq, (2.8) was 
modified to 
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, n ,a/3 , 10^;" 1.L P .. M 1/12 

~ = O.ol ( —f ) (-, + — ^) ( _llll_i_£N 

5 / ,^n ^ ^ 

■ 1 

^2.9) 

Where is density of air at the temperature of atomiza- 

tion and /-g is Viscosity of air. The effect of geometry 
01 injectors is negligible especially at high velocities. 

The Eq. (2.9) agrees well vith the Weiss and Worsham experi- 
mental data which i^as obtained for large relative velocities 

(100 to 1000 ft/sec.). The standard deviation is only 12 
, „ d t' v2 


22LiA 
>/ 


) > 25. Hie 


percent for data which has We ( 

deviation seems to increase with decreasing relative velocity. 
The main drawbacks of this correlation are i) the equation 
assumes ■■ j,/ J ^ ^ = lO^" wliich may not be valid in many 

atomization processes, and 11 ) temperature Is assumed to be 
constant. 


Gretzlnger and Marsiiall from their experimental 
data, concluded that the drop size of sprays varied signi- 
ficantly with mass now ratio of air to liquid and the data 
could he fitted with a hyperbola, only if the liquid flow 
rate was greater than 1 gal/mln. At los; flow rates the 
dropsizes increased because of the pulsating and 
unstable spray flow. Ihey further observed that the mass 
medlandlameter at constant mass flow ratio decreased with 
increasing liquid flow rate. This was, according to them. 



12 


due to the fact that the lico^d spread over a great exit 
perimeter ana. so the laqiiid film tlxLckness was decreased. 
They also obseived that the drop size decreased as the air 
orifice size was increased oipto 0.125 inch at which the 
trend ceased. Using the experimental data they obtained fo- 
llowing eiriporical equations for mean size and standard 
deviation as a function of liquid and air properties for 
two different types of nozzles. For converging pneumatic 
type of nozzles 


d 


m 


= 2600 


M 1 ^ 

1 

r 1 


G„ L 
- g w J 


and cr-j^ = 1.77 

( 2 . 10 ) 


0 .^- 


where 0~ is standard deviation. G is mass velocity of 

lii Q 

air at the nozzle outlet, and L, , is diameter of wetted 
periphery between air and liquid. For pneumatic impingement 
type of nozzles 


0.6 




122 


M-, ' 



1 


‘ g 

J 


G„ L ' 

' g 


L g V - 


o.i5 


0.16 


and 


m 


= 1.735 d, 


m. 


( 2 . 11 ) 


As the model is emperical the usage of it to other types 
of atomizers and also beyond the ranges of variables stu- 
died is very doubtful. According to Gretzinger and 
Marshall themselves, these equations are not likely to 
be applicable for the cases in which the streams meet at 
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right angles^ The equations may give satisfactory results 
for liquids having viscosities close to 1 cp and surface 
tension of 50 dynes/ cm. Further, the Reynolds numher of 
flow should, be <■ 1000 and the film thickness, calculated by 
using Friedman and Miller method'^'^, between 0.3 and 0.6 cm. 
These equations have been used in design of spray evapora- 
tion and drying problems. 

Several other emperica.1 correlations given by 

other investigators for different types of atomizers are 

1P 

also available in literature. Gelperin et al. proposed the 
following equation for dispersion of caustic alkali melts 
in column gr3.nulators ? 
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( 2 . 12 ) 


v/here Re is Reynolds number, 
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Pi-zkalla et al, , from their work on air blast 
atomizer, found 
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where ‘^sauter Santer mean diameter. The effect of 
pneumatic sprayer design was studied by Faineiman et al.^*^ 



and the correlation obtained is 
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2.2 ArJALiTICAL KODELS 

In most commonly used approach in developing analy~ 
tical rnodelsj the liquid stream is visualized as a wave and 
the mechanism of disintegration of this stream is derived 
from the wave disturbance mechanism. In this approach it is 
assumed that the disintegration of a liquid stream takes 
place due to continuous increase in surface area of a rod 
or sheet of liquid until it becomes unstable and finally 
disintegrates. The threads or ligaments are torn off the 
slower moving liquid by the surrounding higli velocity fluid 
stream, in case of two fluid atomization, or by the air 
friction in the case of one fluid atomization where liga- 
ments are lost to still medium. These ligaments are of such 
sizes that they will eventually breakup into drops of the 

21 

sizes observed finally in the spray. According to Plateau, 
a cylindrical column whose length exceeds its circumference 
is unstable and will eventually collapse under the influence 
of any disturbance created by air stream or turbulence in 
the liquid jet itself. Disruption occurs when the depth 
of any disturbance in the sheet is of the size of sheet 
thickness. Some of the models based on this approach are 
discussed below. 
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Rajaeigh was amongst the first investigators 
who analyzed the disintogration of a jet applying the con- 
cept of small disturbance. He postulated that all the dis- 
turbances at randomly and the disturbance that grows most 
rapidly vill cause the breakup of the jet and the resiilting 
ligaments depend on the wave length of the disturbance 
which is given by 

A = ^.508 X 2 R (2.15) 

where R is jet radius. For the collapse of the liquid 
ligaments the amplitude of the disturbance is given by 

nt 

= .0^ e^ or q = ( — v" ) F (2.16) 

o f*' T? 0 

• 1 

where is initial value of amplitude y , t is life 

period of ligament, F Is a dimensionless quantity and is 
a function of i]j/2 R^^ where is length of ligament 

and Rj^ is radius of ligament. He concluded that the dis- 
turbance which caused the breakup was the one having maximum 
F. 

2^ 

Eased on the similar approach, Castleman deri- 
ved a mathematical expression relating R^^ and the radius 
of the drop r as 

P 1/3 

R^ = ( ^ ) 


r 


(2.17) 
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where Z = observed that the maxirnwia value 

of F in Sq. (2.16) was obtained at Z = 4-, 5. He finally 
arrived at 

r (2.18) 

He also ca.lculated the life period of ligament using 
Eq, (2.16) which could be rewritten as 

t = q In ( ’Vo/q) (2,19) 

According to him the ligament breaks dovm when amplitude 
grows to a value of As the air speed increases the 

ligament size and breakup times decrease, and the drop size 
reaches a constant value when the ligaments collapse as 
soon as they are formed. This happens at high velocities 

pit 

in the range of 10,000 to 12,000 cm/sec (Sauter) This 
velocity range is only applicable for gas atmization. From 
Eqs. (2,l6) and (2,19) it is evident that the ligament for- 
mation and breakup would be faster even at low velocities 
for liquids of low surface tension, 

25 

Weber simplified Rayleigh' s equations, consider- 
ing the distortion of the centre line of a jet by the 
effect of air forces. In this case, the cross section of 
the jet remains constant and the resultant sinuous jet 
was considered as an elastic beam subjected to thrust and 
bending. So, by modifying the classical equations of 
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elasticity, equations for the equilibrium of forces and 
moments acting on a segment of the sinuous jet, he could 
arrive at an expression a.nalyticallj'' for the breakup length 
of the jet 

V / '“l 

V / 

logg ( ~) (2,20) 

where is breakup length and 3- is dimensionless rate 

of growth. 


Assuming that the volume of the droplets obtained 
from primary disintegration of the jet is equsl to the 
volume of a cylinder with radius equal to that of the jet, 
R, and with length equal to the wavelength of the most 
rapidly growing dis'turbance, Tyler^^ obtained the equation 
for maximum diameter, droplets as 


^ — I — 

max _ ^ / 1 , A, 

2R “ X/ 2R 


( 2 , 21 ) 


This was the first plausible conjecture which fitted well 
with the experimental data closely. This correlation is 
unlikely to be valid for the systems where there is a turbu- 
lence in the stream which may result in secondary atomi- 
zation. 


Using the same approach as that given by Weiss 
it 27 

and Worsham , Mayer developed a semi-analytical mathe- 
matical model of atomization. According to him, because 
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of viscous dissipation waves of very small wave lengths and 
because of inertial effects waves of very large wave lengths 
can not be developed. Therefore only a restricted spectrum 
of wave lengths can be excited to appreciable amplitudes 
during the time of action of high velocity gas flow. The 
mean diameter of the droplet developed hir the excitation of 
wave having wave length A. is given by 


d = E A 


( 2 . 22 ) 


where E is a dimensionless configuration factor which 
depends on liquid viscosity, but is independent of gas velo- 
city, liquid density, wave lengtli, surface tension, and 
gas velocity and 


X = 9/f 
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r’ Y 


2 



(2.23) 


where 0 is known as slioltering parameter. Substitution of 
Eq. (2.23) in (2.22) results in 


9IT A /16 B ( 


1 / '^/-^l 2/3 

p ^2 ^ 

- S g 


(2.24) 


2 /^ 

where B = E / ^ is a composite numerical factor 

including aieltering parameter |S . Comparison of the 
theoretical mean diameter predicted by Eq, (2.24) \irith 
that of experimental data of Weiss and V/orsham showed 
a good agreement. Mayer also suggested that the reference 
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temperature for correlating dropsize data with liquid pro- 
perties when there is difference in temperature of gas and 
liquid, snould be either the gas temperature or the boiling 
temperature of liquiid whichever is smaller. The model, 
however, does not incoiporate the effects of nozzle angle, 
liquid flow rate, liquid velocity and air flow rate on drop 
size . 


Assuming the same mechanism of atomization as that 

assumed by Castleman and others, and considering the force 

balance between surface tension, pressure and inertial forces 

28 

Dombrowski and Johns obtained the a-verage droplet diameter 
produced on disintegration of fan spray sheet as 


d = 


C ^ ( -I + 
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1/6 


where 
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;^2 1/6 

D. = 0.9614 ( 
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(2.25) 
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72 P jf' 


where K 


h X 


(sheet thickness) (distance in x - direc- 


tion), U is mean relative air wave velocity as given by 

28 

Dombrowski and Johns , The validity of Eq, (2.25) has 

29 

been tested by Bruce See et al. using experimental data 
for disintegration of lead stream. 


10 

Holroyd used the method of dimensional analy- 


1/5 


sis to correlated dimensionless maximum droplet diameter, 
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‘with the Weber and Re7/nold nwnbers . Asswiiing that 
the density the velocity V^, the viscosity the 

surface tension / , jet radius R art3 the variables which 
affect the primary droplet fonaation, he obtained the follow- 
ing correlation 


^nax 

2R 


“ 2/3 

We f (Re) 


( 2 . 26 ) 


In thi' s approach major emphasis is on the centrifugal forces 
witMn a liquid jet wliich play an important role in the 


process of disintegration of the jet. Although a plot of 
d 


f|/3 _lmax 


titution of 


- Vs Re failed to give a linear plot, subs- 

^iiax 


2R 


by Eq. (2.21 ) resulted in a remarkably 


linear correlation, 
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Miesse proposed a modification in Eolroyd’ s 
correlation as follows for Ms experimental datas 
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max 
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max 

2R 


“ 2/3 

We ( 23.5 + 0.000395 Re), or 


(2.27a) 
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2/3 R V-, 

2 ( 23.5 + 0.000395 — 


(2.27b) 


Truely speaking it is a semianalytical corre3.ation. 
According to Eq. (2.27) the maximum droplet diameter in- 
creases with increase in nozzle radius, surface tension 
and will decrease with increase in viscosity. This 
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decrease in droplet diameter -vritli increase in viscosity 

may be duo to the fact that lath increase in viscosity the 

spray sheet thickness decreases. Increase in velocity 

1 + 

decreases maximum droplet diameter for Re < 11 .9 x 10 
and will increase it for larger values of Reynolds number. 
This might be because of grea.ter splashing at high veloci- 
ties wMch result in large drops or flakes. The splashing 
may be because of the resulting large negative pressure 
gradient radial to the flow of liquid at high velocity. 
Also, increase in density of liauid will decrease the drop- 

If 

let diameter for Re < 2.975 x 10 and will increase it for 
larger values. 

Bradley developed a semi-analytical model based 
23 22 

on Castleman and Rayleigh's approach. Assuming that 
the ligament formed has diameter which is some fraction of 
fastest growing wave length, Bradley got 
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( 2 . 28 ) 


where is the wave number of the fastest growing 

disturbance of wave, and 0< 1 , Using Castleman 

relation (Eq. (2.18)) between drop size diameter and ligs-- 
ment diameter, he obtained the following relationship 
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1 1 »8 € 
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(2.29) 
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Intutively € was taken as 1A, Since 'f max increa*ses 
with increasing air vrave Telocity, according to Eq, (2.29) 
drop size will decrease. Using dimensional analysis, 
Bradley investigated the effect of physical properties of 
the metal on drop size. Seven important variables were 
grouped into four dimensiorUess group as below. 
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(2.30) 


where U is velocity of sound and V is relative velocity, 
3 

Using a graphical approach Bradley arrived at the following 
relationship between the drop size diaaneter and the pro- 
perties of liquid and gas 


2 r 



(2,31) 


Eq, (2.31) may require some modifications as it is well 
known that the effect of surface tension on drop size will 
not be as much as predicted by this eQ_uation. 

Ihe model proposed by Eajinder Kumar and Laxmi 
Prasad^^ to explain their data on convergent type pneu- 
matic atonizers is quite exhaustive. According to them, 
liquid jet is considerably contracted by the impaction of 
high velocity gas and the drops are formed at this cons- 
triction and not at the nozzle trip itself. It was 
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ass-umed that the drop expands with its base attached to 
the constriction. This expanding drop is assumed as a 
moving drop, its velocity?- being equal to the velocity 
■with which the center of the drop moves and also the drop 
itself is an oblate in shape. Various forces come into 
play during expansion of the drop, some of them assist 
detachment and others prevent detachment. At the time 
of detachment, the upward and downward forces are counter- 
balanced, Resisting forces are surface tension force 
(Fj), expansion force (F^^), drag force force 

due to tensile viscosity (Fj^). The downward forces are 
net drop' weight (Fy), force due to kinetic energy of the 
liquid (F-rx-p), and force due to kinetic energy of the gas 




Therefore, F^ + Fj^ + fjpj + Fjy = Fy + Fy^ + %II 


( 2 . 32 a) 


For the droplet under consideration force balance gave 
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where 9 is contact angle, is vol-urae of droplet, is 
drag coefficient, b is long axis of oblate, and r 2 is 
the radius of the constriction caused in the liquid jet. 
VJhen the liquid emerges into an atiiiosphere with normal 
pressure and temperature, forces due to surface tension, 
drag and buoyancy will not contribute to more than 1^ and 


so can be neglected and Eq, (2.32 b) could be simplified 
to 
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(2.32c) 


This was the final equation of the model which could be 
Verified with experimental data. Because of fluctuations 
in air velocity, secondary atomization and coalescence, 
the droplet size distributions are obtained with consider- 
able skew. Effects of viscosity, surface tension, air 
velocity as predicted fey the model agreed well mth the 
experimental data over a considerably wide range. 


Most of the models suggested are for pneuratic 

atomization or gas atomization of liquid streams. Sniadl 
33 34 

and Bruce , G-ummeson and others indicate that the 
median size and other properties of drops formed by v/ater 
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and gas atoniza-tion differ largely, so it is apparent 
that the work on gas atomization is not very much suita-hle 
for description of water atomization. Actually water 
atomization deals with dispersed particles of water striking 
the metal stream when compared to gas phase which is conti- 
nuous. So the correlations ottained for gas atoizization 
hardly have any use for predictions in water atomization. 

An analytical model for water atomiz;ation of liquids 

3 

has been developed by Grandzol and Tallmadge . The model was 

based on (a) a momentum exchange equation for size, (b) use 

35" 36 

of literature equations of Straus , Fraser and Elsenklam j 

10 

Herrington for water droplet size as a function of v;ater 
jet velocity, (c) a kinetic energy equation for the velocity 
ratio, and (d) metal particle velocity obtained by special 
photographic determination. The model does not specifically 
describe any mechanism for preliminary breakup of metal 
stream. Assuming that the w;-ter droplet transfers all its 
momentum to the newly formed 'n* nuiuber of metal drop- 
lets, each of momentum a momentum balance gives 



(2.33b) 
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where is water droplet velocity derived iron tlie pressure 

of water by using = 1,3 ^ where is the pressure 

2 

in K N / ni , and is the resultant iretal particle velocity 

v/hich is found by photographic techniuue, d,, is deduced 

w 

from the correlations of Straus 5 Frazer and 3isenl:lam . 

From their data 


% = (2.3^) 

w 

where is a constant, Eq, (2,34) is similar to the one 

10 

given by Herrington and Eichardson . Substituting the values 
of different variables, B-j was found to be of the order of 
20,000. Therefore 
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(2.35b) 


The effects of various nozzle sizes, jet parameters and 
metal flow parameters could be explained using Eq, (2,354). 
The model, however, does not incorporate the effects of 
variation of metal properties and jet angles. 
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2.3 STATISTICAL MODELS 


An altogether new approach based on statistical 

If 

analysis has been developed by U.R. Date et al, for 
interpreting metal atomization. The yields of different 
mesh fractions were taken at different operating pressures, 
temperatures for some atomizing nozzles. Taking pressure 
as the important parameter, following equations were 
arrived at, using regression analysis 
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(2.36b) 


where Y is the percentage yield of the particular mesh 
size for which the equation is developed, is the average 

pressure of all the experiments over which the data are 
collected, is the actual pressure in the particular 

_ r- 2 

experiment, which is of interest, y, ^y Z^, ' 2 .J 

2 

XZ2 are the terms which are used in regression analysis. 
Eq. (2,36a) is a first order equation and Eq. (2.36b) is 
a second order equation. Such equations of different or- 
ders can be obtained for all size fractions for different 
nozzle diameters. In fact, such statistical models can be 
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constructed for any experimental data on atomization, 
taking the most important variables affecting the process 
of atomiza,tion . This type of models would mainly be use- 
ful to simulate the existing atomizers but of little use 
in iieA-r designs. 



CHAPTSR 
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EJ^SEEMEI'jTAL 

This chapter mainly deals with the description of 
the experimental unit and the experimental procedure, 

3.1 DESCRIPTION ON ESiPERIllENTAL UNIT 

'The same experimental set-up tha.t was fabricated 
by liiedkar^ has been used in this study after making some 
modifications. A schematic diagram of the experimental 
unit is shown in Fig. 3.1. brief description of the unit 
is given below. 

The main components of the atomizing unit ares 

(i) melting unit \7ith a temperature controlling device, 

(ii) container to melt and hold the metal, 

(iii) nozzle-atomizer assembly, 

(Iv) stopper rod, and 

(v) water tank to quench and collect the atomized 
particles. 

3.1.1 Melting Unit 

It consists of a vertical muffle type resistance 
furnace with 60 cm outer diameter and 37.5 CJQ height 
having both ends open and actual working zone of 37.5 x 
10 X 10 cm'^. A schematic diagram of the furnace as a 
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part of atomizing tmit is sliown in Fig. 3.1. A 1/2" 
diameter coil of Kanthal Wire (16 gauge), embeded in 
vertical slots specially made in fireclay "bricks, uas used 
as the heating element in the furnace. The coil was kept 
half exposed to the container to attain as high temperature 
as possfole without increasing the poucr input. Openings 
for placing tv/o thermocouples in the centre of the furnace 
were provided. One of the thermocouples could he connected 
to a temperature controlling unit and the other to a poten- 
tiometer for direct measurement of temperature of molten 
metal . 

3«1.2 Container 

The metal to he atomized could he melt and then 

held in a cylindrical graphite crucihle of 7*5 cm diameter 

and 20 cm length. A two step hole as shown in Fig. 3*2 was 

drilled at the bottom of the crucihle. One of these steps 

provided the base for resting the nozzle and the other one 

helped in holding the steel tube whose other end was threaded 

6 

to hold the atomizer. As Tliedkar also observed , the 
shape of the crucible is an important factor to avoid accu- 
mulation of molten metal at the end of each atomization 


run. 








m 
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3»1»3 I'jOzzIc AbCi.Tizor i^sseiuzi 


y 


i’ i o s si c- .-j c i i 1 <“ t om i s c 


JPG' Of 


various designs were 
sbOGibiy that was most success- 

used in the present investigation 
after raalring some isoch’.ii cation 

zor. A brief des( 


tried out b:- L.hecJrar'A liic a 


fijl, accordiiig to hiiOj was 


ns in the design of the atomi 
;scr3-p uj.Oxi Oi die design of the nozzle and 
the atomizer is given belovr. 


3» i*3»’l Nozzles inree stainless stoel nozzles with 

opening diameters of 0.1295 cm, O .183 cm 
and 0.236 cm were fabricated, 'Bil. ’71 si:apGd cavity of 
these nozzles (Fig, o*3l provided scat for the stainless 
steel stopper rod. A small protciision i.-/as made near the 
bottom of tho nozzle for alignment piirioso. 

3»1®3«2 Atomizer j Ihe stainless steel o-tomizer fabricated 

by Khedlcar had six symmetric holes or 
jets of 1 / 8 ” diameter, each mclined at s-n angle of A 5 with 
the verticai axis and meeting at a commoju impingement point 
with the vertical stream of molten metal^. Various compo- 
nents of the atomizer and their final assembly is shown in 
Fig. 3 • xhe inlet for tho atomizirig ga.s is provided in 
the upper portion of the atomizer which also contains a 
common hollow space (Fig. 3.^(a)). upper portion 

of the atomizer a removable type dish containing six 
symmetric holes (Fig. 3.^(c)) is connected. In between the 
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upper block and the disk a pressure ring (Fig. 3.4(b)) is 
placed. iliG coLimon liollo’? space and the pressure ring 
helps in maintaining uniiorir.it 3 r of pressure in each jet. 

This design was, however, found unsatisfactory as it was 
observed that after about 10-12 seconds after starting 
the atomization process the molten metal stream passage 
was completely clogged. This was attributed to the fact 
that the highdLy pressurized air jets caused a lot of splash- 
ing of molten metal. Due to this splashing some of the 
atomized particles moved upwards and caught the cold sur- 
face of the atomizer and got solidified on the metal passage 
opening. One of the ways of avoiding the clogging was to 
increase the distance between tlie iaipingencnt point and the 
atomizer surface. This could, bo achieved either by increa- 
sing the diameter of the atomizer, that is, increasing the 
distance between the opposite jets, or by decreasing the 
3.ngle of the jets v/ith the vertical axis, i.e. with the 
metal stream. Both the means could be equally effective but 
because of the simplicity and to be able to use the previous 
set-up only the latter was chosen. The jet angles could be 
easily decreased just by changing the angle of the tapered 
hole in the atomizer disc. Three similar atomizer discs 
with 1 / 10 " diameter jets and 15 °? 25 °, and 35 ° jet angles 
with the vertical axis, respectively, were fabricated. These 
now provided a means to study the effect of atomizing angle 
also on the atomization process. 
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3-'1.3«3 Nozzle-atomizer assembly^ The final nozzle - 

atomizer asserably is schematically shown 
in Fig. 3»2. Stainless steel nozzle of desired opening 
diameter was placed on one of the steps of the tv/o step hole 
at the bottom of the graphite crucible. It co’old then be 
cOiinected to tne atomizer tjirough a stainless steel tube 
which rested on the second step, below the nozzle, in the 
crucible, and whose outer surface near the bottom portion 
was threaded. 

Stopper Rod 

An 8 mm diameter, 4-00 mm length stainless steel 
rod having a *V' shaped bottom, which could bo seated in 
the shaped cavity of nozzle served as a stopper rod 

(Fig, 3*2), ’iiflien it seated in the cavity, it provided a 
water tight leak proof contact, and when lifted allowed the 
molten metal to pass through the nozzle o 

3.1 Water Tank 

An aluminium tank, filled with water was kept 
3 to 4- feet below the furnace to quench and collect the 
atomized particles. 



3.2 EXPMiILIENTAL PFECEEITBE 
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3«2,1 Preparation of Charge 


iiio charge conylsted of small granules of the 
metal no be atoniiaeo aiicl tne rejected coarse fractions of 
previous tria.ls. ±ne cliarge material v/as properly cleaned 
to exclude meoal oxides anct. ceramic particles and then dried 
to remove moisture. 


3.2.2 Procedure 

To start the experiments first of all the set-up 
was assembled. After properly cleaning the nozzle with the 
sand paper it was placed along' ■with the stainless steel tube 
in the graphite crucible which acted as a container. The 
alignment of nozzle was checked x/ith water. The shaped 

bottom of the stopper rod was tightly fitted in the 'V’ 
shaped cavity of - bhe nozzle, and tested with water for any 
possible leakage. This assembler was then introduced in the 
furnace after the inside of the furnace was properly cleaned 
and the bottom of the furnace was levelled horizontally x^ith 
a spirit level. The atomizer x^as then connected to the 
nozzle through the steel tube. The atomizer was connected 
to a compressor or a gas cylinder through rubber tubings. 

The tank which was placed below the furnace assembly to 
collect and quench the metal droplets was filled xvLth 
v/ater. Already prepared charge was introduced into the 
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crucible and the top of the furnace was covered with asbestos 
sheets. A chromel-alurnel theniiocouple was introduced into 
the furnace from the top and kept at a fixed position out- 
side the graphite cnacible. This theiTGo couple, which was 
connected to the temperature controller, was calibrated 
against another chroniel-aluiael thermocouple wliich co’old be 
introduced into the furnace from the top whenever desired and 
kept inside the graphite crucible. The calibrated thermo- 
couple could measure the temperature of the molten metal 
within + 5 accuracy. As the second thermocouple caused 
some inconvenience during the experimentation, it was not 
used in most of the actual runs, and the temperature of the 
molten metal was measured with the help of the calibrated 
thermocouple only. However, the calibration of the former 
thermocouple was checked from time to time. After properly 
positioning the thermocouple the furnace was slowly heated 
up. Ihen the desired temperature was reached and maintained 
for about half an hour, the stopper rod was lifted up and 
the air compressor' s valve was opened to supply compressed 
air at about 70 psi. The molten metal which came out of the 
nozzle we.s atomized by air jets and the fine croplets were 
quenched and collected in the water tank at the bottom of 
the atomization unit. After the run was over the compre- 
ssor was switched off and the powder was removed from the 
tank and after drying it was subjected to sieve analysis. 
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The sieve analj.-sis was carried out using a standard set of 
BSS sieves. Tlio weignts of initial sample and povder 
retained on indiviciual sieves after the sieving were care- 
fully detenrined. 

In all, about 'h-O experiments vere performed with an 
objective to study the effect of variation in nozzle dia- 
meter, atomizing angle, temperature, and the type of mate- 
rial on the atomization behaviour, viz. average size and 
size distribution of the particles. These experiments can 
be broadly divided into three main categories depending on 
the material being automized. 

In the first category about sixteen experiments 
wore performed using tin as the metal to be atomized at 
three different temperatures, namely, 285 °C, 315 and 
375 At 285 °C three experiments using three different 

nozzles (0,1295 cm, O.183 cm, and 0.236 cm) were performed 
using 25*^ atomizing angle. At 315 °C nine experiments were 
performed using the three nozzles and three atomizing angles, 
namely, 15°, 25°? ai^d 35° • At the same temperature one 
more experiment was performed using a nozzle of 0,236 cm 
diameter and atomizer with 4-5° angle. This particular 
atomizer was not used in any of the subsequent experiments 
because of the clogging of the atomizer, which has already 
been discussed above. At 375 °C three experiments using 
nozzles of three different diameters and 25° atomizer 
were performed. 
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In tliG second category of experinieiits, in which 
lead was the netal to he atonigod, all nine experiments 
were performed at 375 only using all three nozzles and 
the three atomizers (15*^? 25°j and 35*^). 

A few experiments were also performed using lead- 
tin eutectic alloy, In this set of experiments which cons- 
tituted the third category of experiments the alloy was 
atomized at four different temperatures, namely, 285 
315 3^5 °C, and 375 using all the three nozzles and 

25 ° atomizer. 

The results of these experiments are presented 
and discussed in the followang chapter. 
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4.1 RESULTS 

Total n-umber of experiments that have been per- 
formed. in blii s stuny can be classified, into three categories* 
In the first category of experiments, using tin as the metal 
to be atomized, the effect of nozzle diameter, metal tempe- 
rature, and atomizing angle on average particle size and 
size distribution has been studied. In the second category 
lead has been employed as the metal, to be atomized and the 
effect of nozzle diameter and the atomizing angle investi- 
gated. A binary lead-tin eutectic alloy constituted the 
material in the third category of experiments. In this 
category, the experiments have been performed to study the 
effect of nozzle diameter and material temperature. Metal 
powder obtained after atomization vras sieved using a stan- 
dard set of BSS sieves after properly drying the powder. 

The powder retained on each sieve was then weighed. Table 
4,1 'gives the openjng sizes of the various.' sieves, and the 
average sizes of the two consecutive sieves used for 
sieving purpose. 

The experimental data has been compiled in the 
form of weight of powder retained on each of the sieves 
used for sieving in grammes which then converted into 
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TABLE 4.1 

Opening Eises and xivcragG Sizes of SSS Sieves Used 


Sieve 

1 Op ening ^ 

Average 



r 


ho. 

0 size 0 

sise 

X 


0 

Log Xj_ 


S in rv-i $ 

in iiiKi 

0 

1 

0 

+ 72 

70.211 

0.254 


0.211 


- 

- 72 + 100 

0.211/0.151 

0.181 


0,151 


-0.8210 

-100 + 150 

0. 151/0. 104 

0.128 


0.104 


-0.9830 

-150 + 200 

0.104/0.075 

0.090 


0.075 


-1.1249 

-200 + 300 

0.075/0.053 

0,064 


0.053 


-1 .2757 

-300 

0.053/ - 

0.035 


- 


- 


is the opening size of the sieve on 


which materj.al is retained 



>+3 

■weight percentage retained, and c-um-ulative weight percen- 
tage retained. The data for the various experiments 
performed during this investiga'bion is presented in tabular 
form in Tables 4,2 to 4,14, Tables 4.2 to 4,7 are the 
compilation of tlie data for tin atomized under different 
operating conditions. Tables 4.8 to 4.10 are the compila- 
tion of similar data for lead, where as for lead-tin 
eutectic alloy the data is tabulated in Tables 4.11 to 4.l4. 

Tho effect of three nozzle diameters, namely, 

0,236 cm, 0.183 cm, and 0,1295 cm on the atomization of 
molten tin at 285 °C using an atomizer in which each of 
the six air jets forms an angle of 25 '^ with the vertical 
metal stream (atomizing angle) is presented in Table 4.2. 

Tables 4.3, 4,4, and 4,5 present the effect of 
■tdiree nozzle diameters (as mentioned above) on atomization 
of tin at 315 ^6 using an atemizing angle of l5°j 25°? and 
35 °j respectively. 

As it has already been pointed out in last chapter, 
an atomizer in which the air jets formed an angle of 45° 
with the metal stream resulted in clogging of the atomizer 
after around 8 to 10 seconds. Therefore, only one experi- 
ment was performed using this atomizer, the data for which 
is presented in Table 4,6. 

The data for atomization of tin at 375 using 
an atomizing angle of 25° for the tiaree different nozzles 
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E 2 :perir:;ental Dgta for r-corization of Tin at 
Atoiiiizer ox 45 nn^fc _.’or s, J^ozzlo of 0,236 

Material i Tin 

Teii-jOi'-aturj £ 315' °C 

m:o;uiainr c.noj.es 45° 

315 °0 Using 
cm Dicimeter. 

Sieve x 

0 

Sor.zle 

ciia. = 0.2 '^6 oin 

f'eiglit is 

retained. 5 

in giiis 0 

Weight 

0/ ' 

/O 

retained 

r Caimuiative 
S) v;eight % 
is retained 

+ 72 

27 . 1 27 

18.77 

18.77 

- 72 + 100 

25.007 

20.08 

38.85 

-100 + 150 

27.155 

18 ,81 

57.66 

-150 + 200 

11 .166 

7.57 

65.23 

-200 + 300 

33.820 

23.36 

88.59 

-300 

16.337 

1 1 .4i 

100.00 
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TABLE i+.9 

Experimental Data for Atomization of Load at 375 Using Atomizer of 25° Angle 
for Three Different Nozzles. 

Material j Lead Temperatures 375 Atomizing angles 25' 
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Experimental Data for Atomization of Lead- Tin Alloy at 3^5 C Using Atomizer 
of 25 Angle for Three Different Nozzles, 

Material I Tin -Lead eutectic alloy Temperature; 3^5 Atomizing angles 25' 
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is compiled- in Table 
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Tables4-.8 to ^.10 present the data for atomiza- 
tion of lead at 375 °C for the three nozzles using ato- 
mizers of three different atomizing angles, namely, 17 °, 
25°? s-nd 35 ° 3 respectively. 

Table 4.11 is the compilation of data for atomi- 
zation of lead-tin eutectic alloy at 285 °C for the three 
nozzle diameters using an atomizing angle of 25°. Tables 
4.12, 4 , 13 , and 4,l4 present similar data at three diffe- 
rent temperatures, viz., 315 °C, 345 °C, and 375 °C, res- 
pectively. 

4.2 DISCUSSION 

4.2.1 Powder Size Distribution 

To describe the size distribution for a system 
like this in which the number of particles are extremely 
large, the most practical approach is the weight basis. 

The very first look at the v/eighed sieve fractions clearly 
revealed that the size distribution was invariably assy- 
mmetrical in nature, 

A number of distributions vrere tried to fit the 
data and was found that the log-noimal distribution 
fitted with the data best. The cumulative weights re- 
tained when plotted on log -probability paper resulted in 








Cumulative Probobilit 
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Cumulative Probobi lily 









Effect of Qtomi 







- 0-60 





O 

o 

c 


jQ 

Q. 


O 

s». 

Qj» 

■os^^sws® 

o 


E 

Q 

'LO 

o 

CM 

ID 


00 

Cb 

CM 


O 

Di 


C 


a 

6 

as 

TJ 

c 

(b 


N 

E 

N 

o 

O 



< 


Qj 

x~ 

D 

SB§S»J 

o 

^ISWI. 

<b 

a. 


(U 

h- 


u u o u 

O O o o 

in ID LO 

<D r~ <j- t*s, 
CM CO {^5 fifj 


G ^ o 


ID 

0 

in 

0 

Ln 


OT 

0 

« 

CM 

CO 

0 

1 

0 

«. - 

T 

1 

& 

T 


“t LO 


1 


J ^ 

1 o 


o 


— i cp 

OO 

ID 


'X 50 l 


Cumulative Probability 



09 -O- 


67 



LD 

o 

lO 

o 

i/1 


01 

o 


n 

O 

1 

O ^ 

1 ixBo-f 

T 

T 


0 
in 

^ U- 

1 


Cumulative Probability 

lg.4’9 Effect of material on size distribution 




0-45 


68 


|sa=» 

CsESiia 

O 



03 

03 


O 

m 


o 


o 

m 


o 

00 


o 


CSi 

LD 

6 

6 


CD 

6 






o 



69 


consecutive sievesj tlie avei'age size of these sieves 
being . 

In the cuir.ulative plots in Figures 4-.1 to ^.10 data 
points for sieve number belou 72 and above 300 have not 
been included for the following reasons. It was observed 
that during atomization process some powder was foiried due 
to processes other than atomization, viz., dripping of 
metal etc. Also, it was observed that the air compressor 
that was used in the set-up could give an air blow at a 
reasonably constant pressure only for about 20 seconds 
after which the pressure rapidly went down. In the present 
investigation only that powder that was_prdduced at a cons- 
tant pressure is considered. It was observed that the 
major portion of the powder produced after 20 seconds was 
coarser than the opening size of the sieve number 52. It 
was therefore assumed that the powder that was coarser 
than the sieve 52 was due to processes other than atomiza- 
tion of molten stream at a desired constant pressure. It 
was further assumed that the weight of the coarser parti- 
cles vjliich were foniied due to actual atomization but not 
included in the data would be compensated by the weight 
of the finer particles produced due to other processes 
but was not included in the data. To include the first 
and the last data points in the calculation of mean size 
the average size for - 300 particles has been taken as 
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0.035 mm and that for + 72 is 0.25^ mm. The mean sizes 
thus evaluated are tabijlated in Table 4-.15. Bie mean size 
values thus evaluated compare veil with the graphical 
values in most of the causes. 


4-, 2. 3 Application of Previous VJork to the 
Present Study 

Amongst the various mathematical models developed 

so far to describe the atomization process the models of 
1 2 

Bradley and Lubanska could be readily tested using the 
data obtained in the present investigations. The details of 
these tests are given below. 


4. 2. 3.1 Bradley’ s Model 

As it has already been discussed in Chapter 2, 
Bradley observed that the diameter of the droplet formed 
due to disintegration of a liq_uid stresm could be given 
as 

d = fr.2) 

'j' max 

where 'Tw,o-^r given by 
L P„ 

S S 

T max S 

Substitution of Eq. (^,3) in (^.2) resulted in 

11.8 .fe 

L 

g s 


d 


(4.4) 
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TAELL 4- . 1 5 

Vs.riation of k.‘;an SiZo- of Powder ’rith Variation 
in Operating Conditions. 


Material iS Tempera- 5 Atomizing 


0 ture^in y angle 

1 °c S 


Nozzle clia. 0 Nozzle dial Nozzle dia. 

= 0.236 cm 5 - 0 . 1 S 3 cm j) _ 0.1297 cm 
Average slzcHCYerage siz^Avera-ge size 
iJL micr ons jj in riiicron s 0 in microns 


285 25° 182.6 180.7 178,1 


Tin 

315 

15 ° 

25° 

35 ° 

15° 

198.0 

175.8 

171.3 

133.7 

188.1 

175.1 

156.9 

193.1 

169.7 

120.0 


375 

25° 

172.0 

171.1 

166.2 

Lead 

375 

15 ° 

25° 

r-'O 

156.5 

172.0 

172.3 

187.3 

1 68 . 0 

151.6 

191.1 

I6I.9 

11 1.7 


285 

25 ° 

181 .1 

171 .1 

169.5 

Lead- Tin 

315 

25° 

177.2 

167.3 

165.1 

alloy 

3^5 

25° 

168.8 

171 .2 

16O.1 


375 

25° 

163.3 

159.2 

160. 0 
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Bracacy arbitrarily took 6 
^ on 3, 3 


- 1/^ to raodify the above 


cl 


2.9 7 l/ 



0 . 5 ) 


Big value of the parameter L uas found 
graph of L vs Mach number. 


irom a universal 


To test the validity of this model for our data, 
Mach nmber of the impinging gas was calculated (horizon- 
tal component of velocity x^ras used to calculate the Mach 
number) and the value of L was obtained from the univer- 
sal curve of L vs M, given by Bradley^ The value of 
the average drop diameter was then obtained using Eq. (lf.5) 
The values of mean sizes of powders obtained under various 
conditions of atomization and the values of various para- 
meters used for evaluating these mean sizes are given in 
Table If. 16. The values of experimentally obseived mean 
sizes are also tabulated along with theoretically predic- 
ted mean sizes in this table. The large discrepancies 
between the theoretically predicted and experimental values 
are obvious and can be attributed to the fact that there 
is no justification in assuming a constant value of e 
in a priori. In general, c should depend on operating 
conditions and the design parameters. To illustrate tliis 
fact, a simple linear relation of the type 
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was assiffiiGcl. Regression a.naljTsis was carried out to 
evaluate the values of constants A, E, C in the ahove 
equation using six experinental points. The six experi- 
mental points used for regression analysis, in the case 
of tin, I'jere the points obtained at 31 7 for two nozzles 
of different diameters, namely, 0.236 cm and 0.129^ cm, 
using 'three different atomizing angles. In the case of 
lead, only the operating temperature ■'jas different and it 
was 375 Using Eq. (4,4) and the experimental values 

of mean particle size the values of C were obtained 
(Table 4,16) and these values were then used in the regre- 
ssion analysis. The following linear regression equations 
were obtained for tin and lead, respectively 

€ = - 0.11534 + 0.57334 0 + 0,37624 D ^^•7) 

and 

G = - 0,13886 + 0,66163 Q + 0.48016 D (4.8) 

Using the above equations the C: values for a nozzle of 
0,183 cm diameter and three different atomizers were 
obtained for both tin and lead, and these ^ values were 
then used to predict the mean size using Eq, (4,4). 
Theoretically predicted values of mean particle size 
using Eq. (4.4) and Eqs. (4.7)and (4,8) for tin and lead 
respectively are tabulated in Table 4, 16, The comparison 
between 'the experimental and. theoretically predicted values 
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of mean powder size is presented in the form of smi of 
the so^uares of the residuals* From the Tg^hle h,l6 it is 
obvious that this value for 0*183 cm nozzle is smaller 
than that for 0.236 cm and 0,1295 cm nozzle, which were 
used for regression analj^sis. It should, however, be 
recognized that to obtain a more rigorous and perhaps a 
general equation for €: , one will need many more data 
points. The m.ain objective hero is to show that the dis- 
crepancies, between the experimental values of mean parti- 
cle size and that of theoretical predicted values using 
Eq. (4-, 5), can be reduced to a very large extent by using 
a more general expression for 6 . It is even possible 
to use higher order equations for ^ , provided one has 
larger number of data points. 


4- . 2 . 3 * 2 Luban ska ' s Mo del 


1 a 


Modifying Wigg's fomrula to satisfy his experi- 
2 

mental data, Lubanska proposed the following correlation 
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(4.9) 


Using a constant value for (50), he observed that 
all his experimental data points obtained under various 
conditions of atomization for various metals, when 
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plotted as (1 + ^ \ e 
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vs 
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on a log X log 
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paper, fell on a straight line. The value of the exponent 
obtained from the slope of this line was found to be 1/2. 


Sie experimental data obtained in this investiga- 
tion, however, failed to satisfy the above correlation. 


The correlation was therefore modified and is given below 



K, 
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2) a- 
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0 


(4.10) 


The proposed correlation differs from Lubanska’s correla- 
tion in two respects, namely, the constant and the 

exponent mg in Eq. (4.10) are no longer constants and 


may have different values for different operating condi- 


tions. As it will be shown later on, the parameter 
is strongly dependent on nozzle diameter, and the exponent 
mg is a function of design of the atomizer but independent 
of nozzle diameter. 

r % a) 1 

Figure 4.11 is a plot of log | (1 + ~) -j — 
d L 

vs log ( ) for tin, lead, and lead-tin alloy at 

various temperatures for three different nozzles, namely, 

0.236 cm, 0.183 cm, and 0,1295 cm diameters, respectively. 

The atomizing angle for all these experimental points is 

25 '^* From the figure it is evident that the data points 

for various metals obtained at various temperatures tend 

to fall on a straight line as long as the nozzle diameter 

is kept constant. However, the different straight lines 
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obtained for three diflerent nozzles clearly Indicate that 
the parameter is a strong function of nozzle diameter. 

It snould fui bhei be noticed, that the three straight lines 
corresponaing to the three nozzles are parallel to each 
other indicating that the exponent in Eq. (4.10) is 

iiiO.ependen t of nozzle diameter, llie equation of the 
straight lines uould be of the foim 


log 



log log 


M 

( 1 + 


1 

27 g We 


(4.11) 

where and are the slopes and intercepts of the 

straight lines, respectively. The slope of the lines in 
Fig, (4,11) was evaluated and the value of exponent v/as 
found to be 0.293* Using this value of the exponent, the 
values of intercepts for three different nozzle diameters 
were obtained and are tabulated in Table 4.17a, 


The values of the various parameters used in the 
above correlation are given in Appendix 1 , 


4,2.4 Effect of Operating Variables on Atomization Process 
4. 2,4.1 Effect of Nozzle Dianieter 

The expeidmental data obtained using nozzles of 
three different opening diameters, namely, 0.236 cm, 

0,183 cm, and 0.1295 cm, for tin, lead, and lead-tin 
eutectic alloy at different temperatures and different 
atomizing angles is tabulated in Tables 4.2 to 4.l4. 
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TlBLili 4,17 a 

iiis uiiii' o?,cl '/alcies of th.e Faroii for K-, for Va-i-ioiis I'ozzle 

u 

Dianoters . 


Diameter of tlie i5 


nozzle in cms. li 

JJ 

0 . 235 

6 .265 

0,183 

8 . 260 

0.1295 

11.670 


TAiLE 4,17 4 

Esoiiuo.'tecl /alues of bhe Exponent niQ for Various Atomizing 
angles and nozzle Cuiameters. 


lO"' r 15' 

■'0 lf 0 25 ° 5 35 ° 

(: il 0 

5 il C' 


0,236 

0.302 

0,293 

0.280 

0.183 

0.304 

0.293 

0.287 

0.1295 

0 

0 

ro 

0 

0,291 

0.303 

Average value of 

0.302 

0,293 

O.ZSif 



Nozzle 
diainete 
in cnis. 
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i'igui\;s *+.1 to 4.3 are the taree representative plots show- 
ill- uiO ei-iGct oi iiozzle r'iaiiioter on abonization ci tin^ 
load, and lead-tine eutectic allow, respectively, whore 
tiiG cmaula Give weight po'rcontcife retained is iDlotted on 
log-prouaoilit;/ paper, Iron the figures it is evident that 
tne size ui.s trihution 'cends to giov;.- towards finer noaii size 
with decreasing nozzle flarneter. Tahlc 4.1 5 gives the mass 
median diameter 01 the powders produced at dj.fferent atomi- 
zing conditions, dimple mass median diameter vs nozzle 
diameter plots are shown in figure 4.12. In absence of 
Ic.rgc enough detc-. no attemniG has teen madw; to pronose a 
quantitative relationship bet^roen the mass median diameter 
and nozzle diarictcr, but cualitativelj^ thj findings of 

6 

tlis investigation are in agreement with those of liiedkar 

^ , ,, ie.32. 

and others 


Thcorotically speaking, it snould ho possibls to 
predj-ct the moan dianitter of the particles using the corre- 
lation given by Eq. 4,10, once the value-s of the exponent 
rriQ and the parameter are established. It has already 

been established above, that tlio exponent m^ depends 
only on atomizing angle and is independent of nozzle dia- 
meter, and that the parameter Kj. is a function of nozzle 
diameter alone. It should therefore, be possible to have 
atleast an emperical correlation between the parameter 

Kr. and bhe nozzle diameter. Since we had only three 
Jj 
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nozzlas of different diameters, \ie liad -aot attempted in 
this direction, rlon'cver, a graphical correlation between 
the parameter 1-^ and the nozzle diameter is shon-n in 
Fig . 4 . 13 . Once the Kj^ valne is estimated for a given 
nozzle, either graphically'- or usinr- a correlation, it wo-uld 
bo possible to predict "bhe mean size of the poyider. 

It is possible that the ciscreiDancy between our 
observations and that of Lucansha who found mean size to 
be independent of nozzle diameter is duo to the fact "that 
in the present investigation the nozzles used were of much 
smaller in diameters (t]yo biggest nozzle was 0.236 cm) as 
conroared to the ones uscdi by Lubansha whore the diameters 
varied from 0.6 3 cn to 2.22 cm. 

^(-.2.4.2 Effect of Atomizing Angle 

■fhe exp., rimen-fcal data on atomization using diffe- 
rent atomizing angles for tin and lead at various tempera- 
tures using va.rious nozzles is teiulatedi in Tables A. 3 to 
4.5, 4.8 to 4,10. The effect of atomizing angle on cumula- 
tive size distribution for tine and lead is shown in 
Figures 4,4 to 4.6. From the figures it is eviciont that 
the size distribution tends to shift to-vNjards finer mean 
size with increasing atomizing angle. Simple mass median 
diameter vs atomizing angle plo'ts are shown in figure 

4 , l4 • 
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it shoiLl 

Ci. 1)6 p 0 

atouizing 

u-gle on 

, LiSciri 3 



il 

A plot of 

log (1 

+ r^) 




the eflec 

t 0 i 3 to;C 



ize using raodified correlation o 
71 ~ vs log ( cL/jj) showing 

i-v. =''' m 


I’oi- the three nozzles, is shown in Fig. h.l5. Similar plot 
I'or leaci is sliown in Fig. V.16. Using the correlation and 
the values of lv-r ^5 already evaluated, the values of the 
mg were obtained and are tabulated in Table b.l7b. It is 
evident from the table that tjie exponent, mg, remains 
more or less unchanged for a particular value of e.tomizing 
angle. 'The only exception is the point corresponding to 
nozzle diameter of 0.1295 cm and atomizing angle 35° > which 
may be due to some error in experimental data. This point 
ha.s not been used in further computations. The values 
of uig for various nozzle diameters and atomizing angles for 
lead were also evaluated and were found to be more or less 
same as for tin. It is therefore quite reasonable to 


assume that the exponent nig varies only as a function 
of atomizing angle. A plot of nig vs atomizing angle is 
shown in Figure 4.17. Since we had only three atomizing 
angles, we have not tried to proposed an empeilcal relation 
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between o.nd Q, bo-./evor, once a relationship between 

rog and 9 is known (either iranhical or eraperical) , it 
wodH-Q O'j j. ossiblC' bO uheorotico-lly predict the rrioan size 
of the p.articles produced using atomisers of different 
atomizing angles. 

4.2.^f-.3 Effect of 'Temp ora ture 

Experimental data showing the effect of tempe- 
ra turo on atomization of tin and lead-tin eutectic alloy, 
respective!}^, is tabulated in Tables 9-. 2, ^h.4-, k.7 and 
V.11, 4.12, 4-. 13, 4-.14-. The plots of c’amulativc weight 
percentage retained, plotted on log -probability paper, 
arc siiown in Figures 4-. 7 and 4-. 8. It is evident from 
these figures that both for tin and the alloy the distri- 
bution shifts towards tlio finer moan size with increasing 
temperature. Mass median diameters of powders obtained 
at various temporatures for tin and the alloy are tabu- 
lated in Tabic 4-. 17. Figure 4-.l8 shows the variation of 
mean sizo as a function of temperature. Fne qualitative 
observation that the mean powder size decreases T/ri-th 

increase in temperature is in conformity with that of 
^ I 2, 3 2. 

Khedkar^ and others.' 
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lb ±3 possible to discuss the effect of teiapera- 
bure on mass necaan dlaneter a bit more quantitatively 
using, the proposed correlation (So. h.lQ). substituting 
for bJeb T nu-iber in the correlation, we get 


d 


m 


D 


(1 


!i) -V 

^ =ff2. 


p' 1 

O -J- 


? D 




(^. 12 ) 


In this equation the most temperature sensitive term is 
perhaps, the surface tension term, ^ , wriich decreases 
with increase in temperature. It is, therefore, li];;ely 
that the mean size will decrease with increase in temnera- 


ture . A plot of lo^ 


(1 


1) 




h 


‘E 


1 . y s 

Wi J log ( p- ) 


showing the effect of temperature on atoi.iization using 
nozzles of different diameters and atomizing angle of 25 
is shown in Figure ^'«19» 


-o 


One remarkable feature of Figure 4-. 19 is that the 
isotiierms for a given rnat'crio,! are parallel to each other. 
An attempt has been made to obtain the equations for these 
isotherms. A parabolic equation of the form 


y' = A' (X' + B' (X' ) + C' 


(4.13) 


was assumed, where 



The values of the constants A' , E’ , 


and X' = log 
and G’ were evaluated 
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using the three points at a particular temperature, both 
for tin and alloy, respectively. Hie final equations 
obtained at 315 for tin uas 

y' = 1.03892^ (Z')^ + 1.7569378 (X') - 5.^55128 

( 4 . 14 ) 

and for the a,lloy uas 

y' = 1.2828521 (ZO^ + 2.2091139 (Z') - 5.3493981 

( 4 . 15 ) 

It shou 3 .d be noticed that onl:;^ the constant C’ will change 
with variation in terapera.ture. Hence to predict the affect 
of temperature on atomization process under different con- 
ditions (eg. nozzles of different diameters), onlj^ one 
experimental point at that temperature would be sufficient 
to find out the value of the constant, C', and therefore 
the complete eguation of the isotlienri. The validity of 
Eqs. ( 4 . 14 ) and ( 4 . 1 5 ) was established by predicting the j' 
values using the above equations for tin and allo3r, respec- 
tivedy, for the data points vrliich were not used in evalua- 
tion of the values of the constants in the above equations. 
The remarkable agreement between the predicted and experi- 
mental values (Table 4 ,l 8 ) proves the reliability of 
these equations. 



TADL^ 4.13 
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Comparison of TheoreticsJ-ly Predicted Values of y’ 
Parameter (Ec. ( 4 . 13 ) aitli that of Siperinental Va-lues 


Material 

x xempera- 
X ture^ 

V Op 

1 

0 

i) I'Toaeele 

0 diameter 

0 in cins. 

1 

i! 

x 0* in Eq. A y' using « 

X (4.13) AEas.( 4 .l 4 )A 

1 5 

y Correspond- 2 

i) Cng C’ 0 

Experimen- 
tal value 
of y‘ 



0.236 

-6.16143 

-6,1643 


375 

0.183 

-5.50713 -6.21488 

-6.2155 

Tin 


0.1295 

-6.2477 2 

-6.2450 


0.236 

-6.08950 

-6.0850 


285 

0.183 

-5.42013 -6.13634 

-6.1365 



0.1295 

-6.16267 

-6 . 1665 




0,236 


- 6 . 24 i 84 

-6.2527 


375 

0.183 

-5.40540 

-6.30540 

-6.3094 



0.1295 


- 6.35360 

- 6,3481 



0,236 


- 6.22662 

- 6.2314 

Lead-tin 

345 

0.183 

-5.379^0 

-6.29428 

-6.2883 

eutectic 

alloy 

0.1295 


-6,32762 

-6.3273 



0.236 


-6.18569 

-6,1759 


285 

0.183 

-5.31740 

-6.23250 

-6.2330 



0.1295 


-6.26781 

- 6.2724 
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4-, 2. 4-. 4 iiiif'ect of Material 

rigiires ^,9 and 4-,lC are the cumulative v/eight 
retained plots oil log-pro "baMlity paper, shoving the 
effect of inatericil on size distrihution at 375°C using an 
atomizer of 25 ° and nozzles of t\jo different diameters, 
namely, 0,183 cm, and 0,1295 cm, respective! It is 
evident from these plots that no clear-cut conclusion can 
be drawn as regards the effect of material on size distri- 
bution. Experimental points for three materials, namely, 
tin, lead, and the alloy seem to be scattered uniformly 
around a straight line. Therefore, no attempt has been 
made to draw three separate linos correspond.ing to three 
materials and only one straight line has been drawn. 
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Two of the irioc.&ls available in literature, 
namely, that of rradley a,nd Lubanska wore tested on the 
experimental data obtained in the present investigation. 

It was found that none of these models fitted with the 
data in their proposed i'orm. 

Modifications have been proposed for both the 
models for better fibting of the experimental data. 

The effects of nozzle diameter, atomizing angle, 
temperature have been analysed both qualitatively and 
quantitatively. The conclusions of the present investiga- 
tion are summarized below. 

CONCLUSIONS 

1 . Trie powder size distribution closely follows log-normal 
pattern. 

2. Both Bradley's a-nd Lubanska' s models failed to fit with 
the data in present investigation in their proposed 
form. 

3. In case of Bradley's model the quality of the fitting 
is much improved if £ (Eq. H-.k) is taken as a func- 
tion of nozzle diameter and atomizing angle and not 
as a constant = 0.25 as proposed by Eradley. Follow- 
ing linear equations have been proposed for £ for 
tin and lead respectively! 
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€ = - 0.1153^ + 0.57334 e + 0.37624 D 

and 

C = ~ 0.13886 + 0,66163 0 + 0, 48016 It 


4, In the case of Lubanska' s model it has been observed 
that the following modified correlatio.n gives a better 
fit 


d 


jn 
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I'i-, 

(1 + 77 ^) 
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1) we 


m. 


'Q 


This correlation differs from that of Lubanska in two 
respects, namely, and. arc no longer constants 

Kp is found to be a function of nozzle diameter, where 
as mg depends on atomizing angle. Graphical relation 
ships between Kp and nozzle diameter, and mg and 
atomizing angle arc shown in Fig, 4,13 a,nd 4.17, res- 
pectively. 


5 . 4 method to predict the effects of nozzle diameter and 

atomizing angles on mean particle size using the modi- 
fied correlation has been proposed. It has been obser- 
ved that the mean size decreases with decroasing nozzle 
diameter and increasing atonizing angle. 


6, Qualitatively, the mean size decreases with increase 
in temperature due to decrease in surface tension. 
Quantitatively the effect of temperature on mean 
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size has been prodheted using tlio proposed correlation. 
It has been shown tliat the isothcmis in 


log 


i-i. 




t) 


1 


lie 


V£ 


d 

log ( -“ ) plots for a 


given material are parallel to each other and closely 
follow a paracolic relationship. It has been further 
snown that once a general isotherm equation is Imovvii, only 
one experimental point wo-uld be sufficient to predict the 
mean size of particles obtahned by atomization at that 
temperature using different operating conditions. 
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APPSI-3DIX 


1 


Values of the various parameters and variables 
in Eq, (4.11) are computed as fol3-Ous. The equation is 


log 


D 


log 


Kq log 


( 1 + 


1 ) 


Vg We 


d^, mass median dj.ameter is taken from Table 4.15. D? 
diameter of nozzle is known. 


Mass Flow Rate of Liq_uid (M^) ^ 

Volume flow rate of liquid is known for different 
nozzles. When volume flow rate is multiplied by density, 
we get the mass flow rate. The density values, at corres- 
ponding temperatures, are taken from Fig. A-1 (the data is 

37 

available in literature ). Density of alloy is calculated 
from the densities of tin and lead, on weight basis of 
these constituents in the alloy. 

Mass Flow Rate of Gas (M ) i 

o 

Volume flow rate of gas was measured with the 
help of a flow meter. This value when multiplied by gas 
density gave the mass flow rate and it \Ta.s kept constant 
for all the experiments. 




440 460 mo 520 540 550 

Surface tension , dynes/ cm 

' surface tension and densitv 
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Klnem?.tic Viscosib}’- of Llqiiid % 

^'7 

Variation of viscosity \;ith temperature'^' 5 for 
tin and leadj is given in Fig, A-2, The absolute visco- 
sity at any temperature is known from this graph. It is 
divided by density to get kinematic viscosity. 

In case of allovj superheat of the melt (tempe- 
rature above its melting point) is found. Viscosities 
for tin and lead at that eojiivalent amount of superheat 
are evaluated. Then on weight basis of the constituents 
the viscosity of alloy is calculated. 


Kinematic Viscosity of Gas (74^* 

Absolute viscosity of air = 0,0l86l cp 

Density of air = 0.001165 g/cc 


Kinematic viscosity of air. 



0,01861 

0.001165 


= l5o98 cs 


Calculation of Weber Number, We; 



densities are known from the graph, for tin and 
lead, 3 -nd for the alloy it is calculated as explained 
above. 

V, ^relocity of gas is the horizontal component of 


velocity 
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Air vej.ocityj V 


Volume flow rate 


a 


Total area of cross section of the 

air jets. 

6100 cc/sec 


^ ^ , 0 . 2 ^ ^2 2 

6 -fT ( — 2 ^ 

20,06^ cm/sec 


,* Velocity of gas, V 


V^ sin 0 


v/here 0 is atomizing angle 
•When 25° atomizer is used, 


V = 20,06V X sin 25 = 84-80 cni/sec. 

is surface tension of liquid. Variation of 
surface tension with temperature^'^ is shown in Fig. A-l, 
for both tin and lead. For alloy the surface tension is 
calculated in a similar fashion as viscosity is calculated 
(explained above). 


The calculated values of log 


and log ( ) at various operating conditions are tabula- 

ted in Table A-1 . 


14 We 
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table A -1 


Tin 


285 


375 


35' 


11.508 


0.236 

0,183 

0.1295 


6.7647 

6 .8163 

6.846= 


0.236 

0.183 


-6 .4693 
-6.5208 


250 


8480 




Oomputod Values of the Parameters in Ea, 

^ 

( 4 . 11 ) 

0 

Kateraa± \ 

V 

0 

0 

leap , 

0,^ 

0 

A A Velocity f 

Atomi- ofgas 

X zing 1 V 1 

1 angle | (crn/sec) J 

D * “n <1 

in 

pi/ 2 /g'- 1 

d 

log ( ^ . 



15 ;,193 

0.236 

0.183 

0.1295 

-6,1883 
-6 .2561 
- 6.3142 

-1.0795 

-0.9899 

- 0.8303 

Lead 

375 

25° 8,480 

0.236 

0.183 

0.1295 

- 6.6142 

-6.6820 

- 6.7401 

-1.1374 

-1.0371 

-0.8950 



35'' 11,508 

0.236 

0.183 

0.1295 

-6.8795 

-6.9472 

- 7 . 005 -f 

- 1 , 1366 
-1.0732 
- 1,0527 



15° 5,193 

0.236 
0,183 
0.1295 

-6.0736 

-6.1251 

- 6.1619 

-1,0762 

-0.9874 

- 0.8265 


315 

25° 8,480 

0.236 

0.183 

0.1295 

-6.4995 
-6.5510 
- 6 . 58 o 8 

- 1 .1279 
-1 .0192 
-0.8826 


•1.1316 
■1 ,0668 
•1.0331 


•1.1114 

•1.0055 


0.236 

0.183 

0.1295 



-6.5487 

-6.5998 

-6.6293 

w t cz , 

-1 .1374 
-1 .0292 
-0.8916 

0,236 

0.183 

0.1295 

-6. 5603 

-6.6174 
-6 ,6568 

-1.1150 
-1 .0281 
-0.8^ 

0.236 

0.183 

0.1295 

-6.5872 
-6.6!-h42 
-6 .6834 

-1.1369 

-1.0390 

-0.8945 

0,236 

0.183 

0.1295 

— 6 , 6 1 58 
-6.6727 
-6 .7116 

-1.1455 

-1.0289 

-0.9074 

0.236 

0,183 

0.1295 

-6.6370 

-6.6938 

-6.7325 

-1.1599 

-1 .0605 
-0.9081 


285 


L©3 .c 3.-* 

Tin 

Alloy 


315 


345 


25' 


o 


8480 


375 
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